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To date, four genes responsible for
Alzheimer disease (AD) have been iden-
tified. However, in about 50% of the
familial AD cases, there is no known
cause of the disease. The majority of AD
cases are sporadic with onset after 65
years of age. The apolipoprotein E gene is
the only well-replicated risk factor for
late-onset AD. Up to 5% of AD cases are
early-onset AD, for which genetic analy-
ses have found three causal genes: [3-
amyloid precursor protein, presenilin-1
and presenilin-2. Treatment and diag-
nostic strategies based on genetic
knowledge are now about to reach the
clinic.
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Introduction
Alzheimer disease (AD) is a progressive
dementia and is the fourth leading cause
of death in industrialized countries. AD
brain pathology is characterized by neu-
ronal loss, intra-neuronal tau-accumula-
tion and extracellular amyloid plaques.
The plaques consist mainly of APy, 4
peptides generated by cleavage of the -
amyloid precursor protein (BAPP) (Fig-
ure 1). The longer and more neurotoxic
isoforms, Ay, appear to be elevated in
the brains of individuals affected with
either sporadic or familial AD, implying
that they have a shared pathogenetic
mechanism. Most likely, the abnormali-
ties in BAPP processing trigger the for-
mation of neurofibrillary tangles from
hyper-phosphorylated tau, although tau-
accumulation itself has neurotoxic con-
sequences. Tau is genetically involved in
frontotemporal dementia, but notin AD.
AD is a complex disorder with
multiple interacting causative and mod-
ifying genetic and environmental fac-
tors (Figure 2). Twin studies have found
the concordance rate for AD among
monozygotic twins to be 78% versus
39% among dizygotic twin pairs, indi-
cating a strong genetic influence.! The
majority of late-onset AD cases (after 65
years of age) are sporadic; the
apolipoprotein E (ApoE) is the only
well-replicated risk factor for this form
of AD.2 Up to 5% of cases are associat-
ed with early-onset AD. The disease in
these families is often transmitted as a
pure genetic, autosomal dominant
trait.3 To date, genetic analyses of such
pedigrees have found three causal
genes: BAPP;* presenilin 1 (PS1);> and
presenilin 2 (PS2) (Figure 3).°

The aims of this review are to give an
update on the pathological consequences
of mutations in AD genes, to indicate
how this knowledge could be applied in
clinical practice, and to summarize the
strategies on the search for new AD
genes.

The BAPP Gene

Thirteen AD-associated mutations have
been found in the BAPP gene located on
chromosome 21 (age at onset 40-65
years). Another seven substitutions either
have a questionable pathogenic nature or
are associated with a different stroke-
related, but amyloid-dependant, pathol-
ogy.” The differences in clinical
presentation of the disease could be
explained by the mechanisms responsi-
ble for the proteolytic cleavage of BAPP
protein (Figure 1).

BAPP can be processed by at least
two separate pathways. One involves 0-
secretase cleavage within the A3 peptide
sequence. The other pathway requires
proteolysis by - and y- secretases to gen-
erate APy 43 peptides. The mutations are
clustered near the a-, B- or y-secretase
cleavage sites, demonstrating that they
have a direct effect on BAPP processing.?
The majority of the mutations either lead
to an elevation of the AP, peptides, or to
an increase of both short and long forms
of AB. In contrast, the Ala692Gly muta-
tion reduces a-secretase cleavage but
increases the variety of the AP species.’
Furthermore, Val715Met and Glu693Gly
reduce total AP production,!%!! indicat-
ing that the overall ratio of APy, to the
other A species may be a more relevant
indicator of AD pathology than the
absolute level of A, or total AB.
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PS1 and PS2 Genes

Mutations in the PS1 gene, located on chromosome 14, are
responsible for the most aggressive form of AD (age at onset
1665 years) and account for up to 50% of all early-onset AD
cases.? The majority of the 137 known PS1 mutations are mis-
sense substitutions; only one innocent coding variation has been
reported to date (E318G).” One of the most frequent PS1 muta-
tions is E206A, which was observed in 18 unrelated Caribbean
Hispanic people.!?

In contrast, only nine AD families with variable age at onset
(range between 40 and 85 years) are associated with the PS2
gene located on chromosome 1.13 Presenilins share amino acid
and structural similarities and perform similar activities as the
components of independent large complexes involved in the
o-secretase cleavage. The concept that changes in BAPP pro-
cessing are central to AD pathology won further support after
the discovery that mutations in the presenilins cause the over-
production of the Afy,.14

The presenilins have a very complex functional profile as
integrators of several signaling pathways. In addition to BAPP
processing, presenilins are essential for the proteolytic cleavage
of Notch1'® and several other transmembrane proteins, which
raise concerns for therapeutic intervention based on inhibitors

of a-secretase activity. It is possible that a dysfunction of these
pathways can contribute to neurodegeneration.3 For instance,
the L166P, which causes onset of AD in adolescence, not only
induces high increase of APy, production but also substantial-
ly impairs Notch1 signaling. Intriguingly, the insertion of R352
that decreases cleavage of both BAPP and Notchl was
described in a family with a phenotype resembling frontotem-
poral dementia.'® However, without confirmation by autopsy,
this diagnosis remains questionable.

Another type of phenotypic heterogeneity was observed
in 15 PS1 families associated with spastic paraplegia (SP), char-
acterized by progressive weakness of the lower limbs. Interest-
ingly, the brain pathology of these cases differs from the typical
picture for AD. Mature plaques are scarce; instead, there are dif-
fuse, AB-positive cotton wool plaques without a congophilic
core and with only minor neuritic pathology and markers of
inflammation.”

APS1 mutation by itself is unlikely to be responsible for the
variant phenotype.3 The age at onset in these cases ranges from
24-51 years, indicating that the severity of AD does not explain
unusual phenotype. The mutations are not clustered in a par-
ticular PS1 region, and an identical PS1 mutation has been
found in a family with the variant AD phenotype, as well as in
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Figure 1. The BAPP protein is processed by two proteolytic pathways, one of which generates AB.
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a family that presented with typical AD.17/8 These observations
argue in favour of the existence of a modifier in variant AD fam-
ilies. We have excluded that this modifier effect arises from
mutations in known SP genes or from a second mutation in the
other AD genes.!” The search for the factors responsible for the
variant AD phenotype may shed light on the biochemical path-
ways influencing amyloid deposition.

Ongoing Search for Alzheimer
Disease Risk Factors

In at least half of the AD cases, there is no known cause of the
disease. The first step toward finding a new AD gene is identi-
fication of linkage to a certain chromosome.??-22 Pedigrees with
AD are the engine for the discovery of new genes: the families
with two or more living, affected individuals can be analysed
jointly. Linkage analysis relies on the principle that DNA
sequences that are close together tend to be inherited together.
If the inheritance of innocent DNA variations (markers) is fol-
lowed through families, a researcher can find a sequence that
co-inherits more often with the disease than by chance. Such a
result means that the marker’s sequence is in the same chro-
mosomal region as the mutation causing the disease.

Another way to identify a genetic risk factor is to select
gene by function and then to test its sequence variation(s) for
association with the disease. For instance, the secretases
involved in the cleavage of AP are plausible biochemical can-
didate genes for AD. The [3-secretase (BACE) was cloned recent-
ly; however, our study established that it is not genetically
involved in AD.?> Many candidate genes have been reported
to be associated with AD. The regulation of the transcription of
known AD genes might be an important factor in the disease.?*
However, the only well-replicated risk factor for late-onset AD
is the APOE gene on chromosome 19,2 which expresses a
lipoprotein involved in cholesterol metabolism and perhaps in
the clearance of AP.

The three APOE isoforms are encoded by alleles €2, €3 and
€4. The &4 variation is significantly over-represented in AD sub-
jects, to 40% from 15% in the general population.? The mean age
of onset of AD is less than 70 years among the £4/&4 popula-
tion, but over 90 years for the €2/€3 population.?> The APOE-
€4 may not be sufficient to cause AD, but rather may provoke
neuronal degeneration by preventing normal repair mecha-
nisms. Notably, up to 68% of AD cases do not have an APOE-
&4 allele, indicating that additional factors are involved in the
late-onset form of the disease.

Genetic Testing of Alzheimer
Disease in Clinical Practice

Without precise biological indicators that precede or accompa-
ny the cognitive decline, diagnostic confirmation of AD requires
postmortem examination. Genetic testing, in addition to the
diagnostic value, may prove significant in identifying at-risk
relatives who could be candidates for prophylactic therapies for
AD. Until recently, in the absence of effective AD treatments,
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Figure 2. Pathobiology of Alzheimer disease: A accumulation initiates
a biochemical cascade leading to neuronal death and clinical symptoms of
AD. The progressive neuronal dysfunction and death that characterize AD can
involve multiple mechanisms that are modulated by a number of genetic or
environmental factors and age-related processes.

the lack of pre-symptomatic diagnostics was not critical. How-
ever, new therapies for AD are currently in pre-clinical devel-
opment.

PS1 mutations inevitably cause disease and are relatively
frequent, making this gene suitable for genetic testing. We esti-
mated the frequency with which PS1 mutations were actually
found when clinicians had a high index of suspicion of famil-
ial AD: 11% of 414 referral cases can be explained by a PS1
mutation. Patients with a positive PS1 test were significantly
younger (46+11years) than patients with negative PS1 tests
(60+11years).26 Therefore, such screening is likely to be espe-
cially productive when directed toward persons with a positive
family history and age at onset before 60 years. However, there
are some concerns for genetic counselling, such as the impor-
tance of confirming the pathological nature of novel PS1 muta-
tions. In the absence of evidence of co-segregation of a novel
mutation with AD in small families, the analysis of APy 4, lev-
els in cultured cells could provide biochemical support for the
pathological significance of a mutation.

The APOE gene itself is not useful for pre-symptomatic
testing since not all €4 carriers will develop the disease and
g4-association is not entirely specific to AD. Nevertheless, in
the future APOE can be used in combination with other yet
to be discovered AD risk factors. Indeed, the late-onset form
of AD is a complex genetic trait with the potential involve-
ment of many genes that could have weak effects on their
own, but may lead to AD as a result of a combined effect. In
parallel with genetic studies, there is a demand to develop
appropriate statistical and ethical paradigms for using this
type of information.

www.geriatricsandaging.ca 53



Genetics of Alzheimer Disease

e :.?‘a:

Amyloid Plaques

/YAB

ch

PS1 BAPP PS2 APOE e4 allele  New Loci

chr 14 chr 21 chr 1 chr 19 chr 10
Age of Onset ~ 16-65 45-65 40-85 >65 chr 12
Frequency 18-50% <5% <5% ~50% chr9

Early-onset AD

Late-onset AD

Figure 3. Genetic determinants of Alzheimer disease: defects in four genes affect different steps
of a complex metabolic pathway of which APP is the earliest known target. Aberrant production,
aggregation and/or the poor clearance of toxic AR peptides are central to AD neuropathology.

Conclusion

Genetic studies have proven to be an

effective means of developing our under- ~ ®
standing of AD. This knowledge is open-
ing the way for the development of safe
and effective therapies based on blocking
AP production, inhibiting its aggregation ;

or accelerating its removal. The genetic
data may assist in the identification of
individuals predisposed to AD while the 8-
neuronal damage is still negligible. O
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